Chemical exposure to skin remains an important route by which systemic toxicity may occur. However, chemicals are seldom contacted singly in neat form and generally are present as a mixture. A total of 56 8-hr isolated perfused porcine skin flap (IPPSF) topical experiments were used to study the percutaneous absorption and cutaneous distribution of binary mixtures (solute/solvent) of M C-labeled phenol vsp-nitrophenol (PNP) at two concentrations (4 figlcm 2 vs 40 /xg/cm 2 ) in two vehicles (acetone vs ethanol) under occluded vs nonoccluded dosing conditions. Pertinent comparisons were made to determine if dose, vehicle, or occlusion had a significant effect on absorption, localization of the test compounds, or total recoveries. Total recoveries were much greater in all cases for PNP than phenol. Absorption, penetration into tissues, and total recoveries of phenol were greater under occluded conditions than nonoccluded. Absorption and penetration of phenol into tissues were greater with ethanol than with acetone under nonoccluded conditions, but the opposite was observed under occluded conditions. Percentage of applied dose penetration into tissues was greater from low-dose phenol in acetone than high-dose, suggesting a fixed absorption rate. This was also seen for PNP, but only under occluded conditions. Neither phenol dose, vehicle, or occlusion had any significant effect on the labeled phenol seen in the stratum corncum or on time of peak flux, a finding which limits the usefulness of noninvasive stratum corneum sampling to assess topical penetration. There was greater absorption and penetration into tissues of PNP from acetone than from ethanol. PNP dose had a significant effect on time of peak dose, with lowdose PNP taking longer to reach its peak. Neither PNP dose, vehicle, nor occlusion had any significant effect on total recovery of labeled PNP. The results suggest that comparative absorption of phenol and PNP are vehicle-, occlusion-, and penetrant-dependent. These factors must be considered when comparing absorption data between studies. These findings suggest that single chemical data (the compound applied neat) is not predictive of even 1 To whom reprint requests should be addressed at Cutaneous Pharmacology and Toxicology Center, CVM-Box 8401, North Carolina State University, Raleigh, NC 27606. Fax: (919) 829-4358.
Chemical exposure to skin remains an important route by which systemic toxicity may occur. However, chemicals are seldom contacted singly in neat form and generally are present as a mixture. A total of 56 8-hr isolated perfused porcine skin flap (IPPSF) topical experiments were used to study the percutaneous absorption and cutaneous distribution of binary mixtures (solute/solvent) of M C-labeled phenol vsp-nitrophenol (PNP) at two concentrations (4 figlcm 2 vs 40 /xg/cm 2 ) in two vehicles (acetone vs ethanol) under occluded vs nonoccluded dosing conditions. Pertinent comparisons were made to determine if dose, vehicle, or occlusion had a significant effect on absorption, localization of the test compounds, or total recoveries. Total recoveries were much greater in all cases for PNP than phenol. Absorption, penetration into tissues, and total recoveries of phenol were greater under occluded conditions than nonoccluded. Absorption and penetration of phenol into tissues were greater with ethanol than with acetone under nonoccluded conditions, but the opposite was observed under occluded conditions. Percentage of applied dose penetration into tissues was greater from low-dose phenol in acetone than high-dose, suggesting a fixed absorption rate. This was also seen for PNP, but only under occluded conditions. Neither phenol dose, vehicle, or occlusion had any significant effect on the labeled phenol seen in the stratum corncum or on time of peak flux, a finding which limits the usefulness of noninvasive stratum corneum sampling to assess topical penetration. There was greater absorption and penetration into tissues of PNP from acetone than from ethanol. PNP dose had a significant effect on time of peak dose, with lowdose PNP taking longer to reach its peak. Neither PNP dose, vehicle, nor occlusion had any significant effect on total recovery of labeled PNP. The results suggest that comparative absorption of phenol and PNP are vehicle-, occlusion-, and penetrant-dependent. These factors must be considered when comparing absorption data between studies. These findings suggest that single chemical data (the compound applied neat) is not predictive of even 1 To whom reprint requests should be addressed at Cutaneous Pharmacology and Toxicology Center, CVM-Box 8401, North Carolina State University, Raleigh, NC 27606. Fax: (919) 829-4358. binary mixtures and that exposure conditions further modulate disposition. C 1996 Society of Toxicology Chemical substances are rarely contacted singly in the natural environment, but more likely are in combination with other compounds. The first level of complexity of a combination of compounds is a binary mixture (solvent/solute). Here we studied binary mixtures of two phenols (phenol and pnitrophenol (PNP)) at two concentrations (4 and 40 /zg/cm 2 ) in combination with one of two carrier solvents (acetone or ethanol) under occluded and nonoccluded conditions.
Phenol has been used in disinfectants, in the manufacture of industrial and medicinal organic compounds and dyes, and in cosmetic chemical face peels. In the skin, it is known to disrupt disulfide bridges in keratin (Matarasso and Glogau, 1991; Conning and Hayes, 1970; Horch et al., 1994) . PNP is used in the manufacture of organic compounds. It has a reduced diffusion coefficient in the SC due to the presence of a polar group (Roberts et al., 1977) . Also, the presence of this nitro group on PNP makes it less volatile than phenol . According to a national survey, PNP is the fourth most common environmental contaminant found in the human population of the United States (Kutz et al., 1992) . PNP is also a metabolite of many organophosphate pesticides and thus a knowledge of its disposition is important. This is illustrated by parathion absorption studies previously conducted in our laboratory (Chang et al., 1994; Qiao et ai, 1994; Qiao and Riviere, 1995) .
Acetone is a widely used solvent for resins, plastics, paints, and varnishes and is used in the manufacture of explosives, photographic films, and organic compounds. Acetone has been shown to disrupt the lipid layer of the stratum corneum (SC) (Scheuplein and Blank, 1971; Grubauer et ai, 1987; Mao-Qiang et al., 1993; Menon et al., 1985 Menon et al., , 1992 , thereby facilitating the absorption of other compounds. Despite these potent biological effects, acetone is often used as the solvent of choice in percutaneous absorption studies. When acetone is used as a volatile vehicle in skin absorption 233 0272-0590/96 $18.00 Copyright O 1996 by the Society of Toxicology.
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studies, it rapidly evaporates and has been reported to cause minimal skin perturbation (Scheuplein and Blank, 1971) . Ethanol is used as a solvent in laboratories and industry and is used in the manufacture of Pharmaceuticals, perfumes, and organic compounds. It demonstrates about half the delipidizing potential of acetone (Scheuplein and Ross, 1970; Scheuplein and Blank, 1973) and is often formulated as an enhancer in transdermal drug delivery systems.
We utilized the isolated perfused porcine skin flap (IPPSF), described in detail elsewhere (Riviere et al., 1986; Monteiro-Riviere era/., 1987; Riviere and Monteiro-Riviere, 1991) , for these experiments. Because of its intact microvasculature, this in vitro system provides a means of predicting in vivo percutaneous absorption (Williams et al, 1990; Riviere et at., 1992b; Williams and Riviere, 1995) . The studies involved topical applications of 14 C-labeled phenol or PNP in one of the two vehicles and subsequent analysis of venous efflux, depth of penetration, compound location, and total recovery of the dosed compound.
MATERIALS AND METHODS
Fifty-six IPPSF experiments were conducted as a complete factorial experimental design study using the following dosing protocols: u C-phenol vs M C-PNP; occluded vs nonoccluded; vehicle, acetone vs ethanol; concentration, 4 /ig/cm 2 vs 40 /ig/cm 2 . The volumes of the dosing solutions were between 80 and 100 /il in a 7.5 cm 2 dosing area. Except in the occluded preparations, evaporation of the volatile vehicles was rapid. Four IPPSFs were run for each of the possible protocols except nonoccluded phenol. Due to extensive evaporation of nonoccluded phenol, only two skin flaps were run for each of these possibilities.
Sampling for all 56 skin flap experiments was the same. Venous efflux samples were taken every half-hour for 8 hr to determine absorption profiles At termination, several steps were taken to determine location and mass balance of the labeled compounds. Where applicable, the occlusion device was removed, soaked in a known volume of ethanol, and subsequently assayed for radiolabel. The Stomahesive (ConvaTec, Princeton, NJ) template used to demark the 1.5 X 5-cm (7.5 cm 2 ) dosing area was removed and soaked in a known volume of ethanol. The dose area surface was swabbed twice with a soap solution and gauze. The dose area was tape stripped 12 times with cellophane tape. The underneath side of the skin flap was rinsed to remove label that had collected over the 8-hr perfusion period. The skin flap cradle was rinsed twice and all the rinses were retained. The dose site was removed from the skjn flap and a 1 x I-cm core sample was removed from its center and quick-frozen as described below in liquid nitrogen for the subsequent depth of penetration study. The remnant dose site and skin under the dosing template were collected. The remaining skin was separated from the subcutaneous fat after quick-freezing in liquid nitrogen. All tissue samples (except the excised penetration core sample) were dissolved individually in Soluene-350 (Packard Instrument Co., Downers Grove, IL). The leaks that resulted from the dissection of the skin flap and the fingertips of the gloves used during dissection were retained for mass balance purposes. The instruments used during dissection were cleaned and the swabs retained for anaJysis. Each 1.0 X 1.0-cm cryostat core sample was placed epidermal side down in an aluminum foil boat and embedded in Tissue-Tek OCT (Miles, Inc., Diagnostics Division, Elkhart, IN), snap-frozen in an isopentane well immersed in liquid nitrogen, and stored at -80°C until sectioned Sectioning was performed on a Reichert-Jung Model 1800 Cryocut (Reichert Ophthalmic Instruments, Werner-Lambert Technologies, Inc., Buffalo, NY). Two 40-/zm sections were combined for each sample taken from the core. Steps were taken during sampling to minimize evaporation of the radiolabeled compound. These techniques have been reported previously (Riviere el al. 1992a , Monteiro-Riviere et al. 1993 ). All the above samples were assayed for radiolabel via a Packard Model 306 tissue oxidizer (Packard Instrument Co., Downers Grove, IL) and the samples were counted on a Packard Model 1900TR Tn-Carb liquid scintillation analyzer (Packard Instrument Co., Downers Grove. IL). The individual assay values were used in the subsequent data analysis.
Statistical analysis of group means was conducted by applying ANOVA with LSD (least significant difference) multicompanson test (SAS Institute. Cary, NC) at a = 0.05. Tables 1 and 2 The differences seen between the distribution of phenol and PNP can be explained by the differences in evaporation rates (and hence recovery) with phenol having the higher volatility. Absorption of phenol was more rapid than PNP. The range of T^ for phenol absorption was 30 to 150 min with a mean of 88 min ± 7 SEM. T^ for the PNP preparations was highly variable and treatment dependent. The range was 60 to 480 min with a mean of 226 min ± 20 SEM. Table 5 lists the breakdown of PNP T^ according to groups. Absorption occurred faster from occluded preparations than nonoccluded, from ethanol than acetone, and from high-dose than low-dose. The nonoccluded low-doses of PNP in acetone had significantly longer T^ (p < 0.005) than did the other treatments.
RESULTS

Phenol
The top section in Table 3 compares high-dose to lowdose phenol. The only significant differences seen for phenol were in the percentage of dose in low-dose vs high-dose occluded phenol in acetone. The low-dose showed a higher percentage of dose in the IPPSF tissues and penetration depth study.
The center section in Table 3 compares vehicle effect in phenol. The only significant differences seen for phenol were in the percentage of dose in occluded low-dose phenol in acetone vs occluded low-dose phenol in ethanol. Occluded low-dose phenol in acetone showed a significantly higher percentage of dose in the dosed skin area and in the IPPSF tissues and depth of penetration study.
The bottom section of Table 3 compares nonoccluded vs occluded phenol doses. The most significant difference, as expected, is in the percentage of the compound recovered. The mass balance was much greater in the occluded IPPSFs due to the volatility of phenol. This volatility also explains the remaining differences seen in this section, with the exception of the higher surface swabs in nonoccluded lowdose ethanol. As expected, where there were differences, the total absorption, penetration, and amount remaining in the skin was greater in all cases in the occluded preparations.
Notice that neither vehicle, dose, nor occlusion had any significant effect on the percentage of dose seen in the stratum corneum (tape strips), or on T^ or 7,,^.
PNP
The top section in Table 4 showed no significant differences from their low-dose counterparts. The nonoccluded high-dose PNP in acetone and ethanol showed significantly higher absorption and penetration than did their low-dose counterparts. Nonoccluded lowdose PNP in acetone showed a significantly longer T^ (398 ± 46 min) than did either of its counterparts-nonoccluded high-dose or occluded low-dose. Nonoccluded high-dose PNP in ethanol showed a significantly higher penetration, absorption, total penetration depth, and dosed skin than did its low-dose counterpart.
The center section of Table 4 compares the vehicle effect on PNP. There was no significant vehicle effect in the nonoccluded preparations. Occlusion seemed to enhance the vehicle effect of PNP in acetone for both high and low doses. The occluded high-dose PNP in acetone preparations showed significantly higher absorption, penetration, residue in IPPSF tissues, and total in the penetration core sample than the occluded high-dose PNP in ethanol. The absorption, penetration, and /max were higher in the occluded low-dose PNP in acetone vs the occluded low-dose PNP in ethanol.
The bottom section of Table 4 compares nonoccluded to the respective occluded preparations of PNP. The occluded low-dose PNP in acetone showed a significantly higher absorption, penetration, and J max than did the nonoccluded counterpart.
Finally, note that in all three sections of Table 4 that neither vehicle, dose, nor occlusion had any significant effect on total recovery of labeled PNP.
Figures 3 and 4 illustrate the linear regression analysis of stratum comeum residues vs penetration in phenol and PNP, respectively. Also listed on these charts are the slopes, intercepts, R 2 values, and p values for the lines fit to the different dosing protocols.
DISCUSSION
Percutaneous absorption is a complex process that is affected by dosing conditions. Factors which are involved included dose, vehicle, and occlusion conditions. These must be considered whenever absorption data are extrapolated between studies. In Fig. la the plot for nonoccluded high-dose phenol in ethanol showed a considerably higher J^ than the other treatments. Also in this figure, the plot of the nonoccluded high-dose phenol in acetone showed a 2.5-fold lower JmvL (expressed as percentage of dose) than low-dose phenol in ethanol. This comparison alone demonstrates the dominant effect of vehicle, even over compound dose, on percutaneous absorption. Hinz et al. (1991) studied nonoccluded phenol and PNP dosed in acetone at 4 /j.g/cm 2 in static diffusion cells. Our recoveries and J^ were lower for nonoccluded phenol and PNP, while our T^ was similar for phenol and longer for PNP. Hotchkiss etal. (1992b) studied absorption of occluded and nonoccluded phenol in ethanol from human and rat skin in flow-through diffusion cells for 72 hr. Occlusion in their system served to enhance the absorption of phenol through rat and human skin in vitro with a 47% increase in recovery in both skin types. Our comparable nonoccluded and occluded low-dose phenol in ethanol preparations showed lower absorption and recoveries both occluded and nonoccluded, with a 51% increase in recovery under occluded conditions. These two studies were diffusion cell systems; the first was a static cell system and the second a flowthrough system. Since the IPPSF is a full thickness skin preparation, it is likely that our system will indicate a lower absorption than simple excised skin.
The decrease in flux seen in the profiles after ./"," suggests a depletion of dose. This depletion occurred later in nonoccluded low-dose PNP than any other preparations. Occlusion of both high-and low-dose preparations of PNP speeded the time of dose depletion (see Figs. 2a and 2c) . Acetone has been shown to disrupt the lipid layer of the stratum comeum, allowing other compounds to penetrate to a greater extent. This is seen in Fig. 2 , comparing occluded PNP in acetone to occluded PNP in ethanol (both doses), where PNP in acetone showed higher J^ values than PNP in ethanol.
In a previously reported study, we tested the evaporation of the four compounds in this study from excised porcine skin. We found that 95% of [ 14 C]-ethanol evaporated in the first 2 min. Sixty percent of the acetone evaporated in the first 2 min, with 33% remaining after 2 hr. Although the vapor pressure for ethanol is less than for acetone (ethanol, 100 mm Hg; acetone, 400 mm Hg at the temperature of the IPPSF chamber (37°C)), more acetone was present after 2 hr. This is presumably due to greater SC penetration of acetone. Low-dose phenol in acetone showed significantly higher (p < 0.01) label recovered from IPPSF tissues than the highdose counterpart, but only in the occluded preparations (see Table 3 ). This supports the idea of a constant absorption rate of penetrable phenol. High-dose PNP in both acetone and ethanol showed significantly higher (p < 0.001) absorption and penetration than their low-dose counterparts (Table  4) . Thus, in contrast to phenol where the constant absorption rate suggests zero-order absorption, PNP demonstrates firstorder absorption over the dose range. Low-dose phenol in acetone showed significantly higher (p < 0.01) label recovered from IPPSF tissues than the ethanol counterpart, but only in the occluded preparations. Significantly more (p < 0.001) PNP was absorbed from acetone than from ethanol preparations, but only under occluded conditions. This is presumably due to the increased penetration enhancement of acetone over ethanol, in conjunction with increased hydration from occlusion.
Clearly occlusion had the largest effect on phenol distribution of the three methods of comparison (dose, vehicle, and occlusion). Total recoveries were significantly higher (p < 0.001) in the occluded phenol preparations than in the nonoccluded counterparts. This may be attributed partly to the decreased evaporation of phenol from the surface. However, it may also be due to increased hydration of the stratum corneum (Idson, 1983) or an increase in skin temperature (Hotchkiss et al., 1992a) . We have previously demonstrated this occlusion effect with topical parathion in both in vitro and in vivo (Qiao et al., 1994) systems. In the in vivo work, occlusion enhanced parathion's partitioning into the SC and slowed the distribution of both parathion and PNP (a parathion metabolite) in the dosed skin.
Alternatively, a decrease in barrier regeneration, as suggested by Menon et al. (1992) may be occurring under occluded conditions. These investigators showed that occlusion disrupted the process of lamellar body synthesis and release, as well as extracellular processing of secreted lamellar body contents. They suggest that barrier repair after acetone disruption is associated with an immediate release of prestored organelle contents, accelerated synthesis of lamellar bodies, and rapid delivery of newly synthesized organelles to the SC. Barrier repair begins from the lower SC and proceeds outward. Extracellular processes also appear to be required for reconstitution of the barrier. These investigators were able to reduce the quantities of secreted lamellar body contents from the lower SC with a vapor-impermeable membrane. This reduction was not present with a vapor-permeable membrane, and barrier repair proceeded normally.
Occlusion significantly decreased PNP residues on the dosed skin surface and in the SC. The combined effects of occlusion, increased hydration, increased skin temperature, and decreased barrier regeneration, increased the penetration of PNP to deeper tissues, and resulted in lower surface and SC residues. We demonstrated this same result with topical parathion studies in vivo in pigs (Qiao et al., 1993) . Because of the volatility of phenol, the residues seen on the surface and in the SC were not significantly different between occluded and nonoccluded preparations. Rougier et al. (1983 Rougier et al. ( , 1985 and Dupuis et al. (1984) demonstrated a strong correlation (R = 0.998, p < 0.001) between stratum comeum residues of a chemical and total penetration through human forearm and hairless rat skin in vivo. They suggest that measuring the residue in the stratum corneum at the end of the dosing period (30 min) gives a good prediction assessment of the total amount penetrating in 4 days. Our data suggest that this hypothesis is true only under identical dosing conditions. The vehicle used and the volatility of the test compound are important. Figures 3 and  4 demonstrate that only under similar dosing conditions is there a strong correlation between stratum corneum residues and penetration. The differing slopes of the correlation curves emphasize the necessity for identical dosing conditions to use this noninvasive method of assessing in vivo disposition. If the chemical is applied in different vehicles, misleading predictions may occur.
In conclusion, we have demonstrated that dosing conditions may significantly confound prediction of percutaneous absorption of test compounds. Vehicles, especially those that interact with the stratum corneum barrier function, may alter penetration and residue patterns. Dose can have an effect if a zero-order absorption rate from the stratum corneum to lower tissues is present. Occlusion, especially in combination with volatile test compounds, can have a significant effect. This occlusion effect may be simply due to reduction in evaporative loss and the subsequent increase in available dose. It may also increase skin hydration or the surface temperature, or decrease the mechanisms of barrier regeneration. These conditions must be controlled and considered when extrapolating absorption data across different test systems, or when making risk-assessment decisions. Finally, when mathematical models are constructed to describe these phenomenon, our results clearly demonstrate that vehicle and dosing conditions must be considered since their effects may make a greater contribution to disposition than the dose itself.
